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Rapid Variations in Spacecraft Potential

1. iNTRODUCTION

The increasing complexity and sophistication of synch ronous orbit satellites
e increased their  susceptibility to disruption and anomalous behavior. McPhe r-
et al. Shaw et al, 2 and Pike and Bunn3 have demonstr ated that many of these

occurr ences are relat ed to changes in geomagnet ic act ivity and geomagnetic sub-
storms (see Figure 1) and are often the result of satellite potential variations.
DeForest4’ ~ has shown a definit e connection between variations in spacecraft
pot ential and plasma injection at geosynchronous orbit during substorms. Supporting
these findings. Reasoner et a16 have found an inverse correlation between spacecraft
encounters with the low energy plasmasphere and spacecraft potential variations.
Several workers (see, for example, Parker , Whipple. 8 or Rothwell et al, have
attempted to theoretically model the problem of computing the response of a space-
craft to a changing ambient plasma environment. Although a complete understanding
of the spacecraft charging phenomenon is still lacking, all of these studies have con-
tributed to rapid progress in defining the problem and in understanding the factors
involved in the disruption and anomalous behavior of synchronous orbit satellites.

One area that has not been well defined in previous studies bs that of the time-
scales over which variations in satellite potential take place. The time-rate of

(Received for publication 3 June 1977)
(Because of the large number of references cited above, they will not be listed here.
See References , page 40 , for References 1 through 9.)

~ 

~~~~~~~~~ ..E ~ :.1.i.i ~~~~~~~~~~~~~~~~~~~~ 
- . - 

-



- 

15 14 13 12 II 10 9
16,. j / /

N o \ \ I I  /
~ 

0

IT 7

ç l yOO 6

y V
O y

19 
.. — 

V
V

20 
V __ 0 4

21 V 3

~ V O  o
V 0

V 2
V

V DSP LOGIC UPSETS 23 
0

o DSCS II RGA UPSETS
V INTELSAT IV

o INTELSAT III
Figure 1. Local T~ Plot of V arious Satellit e Disruptions and
A nomalies. 1 The ~ial variations are not real but merely for
graphical representation

change of satellite potential may have sign ificant effect on the extent of different ial

charging on the satellite, the discharge rat e, and the ultimate potential which the
satellite reaches . To help In understanding these scales, this report summarizes
and catalogs examples of the various types of charging that have been observed.
The time-scales of the associated potential variations will be compared and tabu-
lated to determine the extent to which such variations can cause problems for the
spacecraft. In addition , we will estimate the order of magnitude of the charging
rate and recommend areas of future study.

To provide a background for the study of spacecraft potential variations , we
will begin by describing the geosynchronous environment and by presenting a static
model of spacecraft charging that provides a qualitative explanation of charging

10
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under various ambient conditions. Examples from the ATS-5 and ATS -6 geo-
synchronous satellites will be used to illustrate the ambient plasma environment
and its effect on the spacecraft potential. Similar ly, the theory of tim e variations
of spacecraft potential will be reviewed and ATS-5 and .ATS-6 data used to provide
estimates of the order of magnitude of the rate of change of the spacecraft potential.
We will conclude with a description of problem areas and instrumentation designed
specifically to study suc h t ime variat ion s .

~~. SYNC HR ONOUS ENV IR ONMENT

The synchronous orbit environment (6 . 62 earth radii from the center of the
earth )  is unique in the variability of the plasma and field characteristics encountered.
Interior to synchronous orbit , the earth’ s magnet ic field is sufficiently st rong that
it effectivel y domi nates charged particle motion . Nea r synchronous orbit the col-
lect ive kinet ic energy of the ambient part icles is su fficient t o alt er the cons training
magnetic field and cause large variations in p lasma condi tions on a small time scale.
The occurren ce of rapid cha nges in p lasma parameters associated wit h the injection
of high tempera ture plasma into the synchronous orbit regime is the most important
factor in spacecraft charging.

Figure 2 depicts the location of the synchronous orbit environment within the
earth’s magnetic field and the variability of conditions observed there. There are
four distinct regions of plasma norm ally observed at the synchronous orbit . These
regions are:

2.1 Plasmasphere

The plasm asphere is the region of the low energy re lat ively high density p lasma
which dominates the near earth region of the magnetosphere. It is essentially an
extension of the earth’s ionosphere. Its outer boundary is the plasmapause (P).
Near synchronous orbit the plasmasphere is character ized by plasma densities of a
few particles per cubic centimeter and plasma temperatures of a few electron

10. 11volts. During the encou nter of the plasmasphere by the ATS-6 satellite , the
3density was found to range between 1 to 10 tons per cm , with temperatures be-

tween I to 50 eV. 6 During a magnetospheric substorm the outer boundary of the
plasmasphere or the plasmapause moves significant ly earthward and this low energy
plasma component is no longer observed at synchronous orbit.

10. Frank. L.A. ( 1971) On the relationship of the plasma sheet, ring current trap-
ping boundary, and plasmapause near the magnetic equator and local midnight.
J. Geophys. Res.. ~~~(No. 10):22 65.

11. Grlngauz, K.!. (1969) Low energy plasma in the earth’s magnetosphere.
Rev. Geophys .,~~JNo. I , 2) :339.

11 
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2.2 Ring Current (RC)

The ring current is a region of ions and electrons , elevated in temperature .
12 3

that has densities on the order of the plasmapause. Typical values of 1 per cm

and temperatures of 20 to 40 key were determined from ATS-6 data. Thls com po-

nent is almost always present at synchronous orbit near local midnight.

2.3 Trapping Boundary (TB)

The trapping boundary is the edge of the region of stably trapped particles
(designated here for 40 key electrons) . This can be considered as the line of de-

marcation between those regions where particle motion is strongly under the influence

of the earth’s magnetic field and the regions where particle kinetic energy is the
controlling factor . Within the trapping boundary, the fluxes of high energy particles
(1 MeV or hig her) can be defined and radiation dose rates determined with some
degree of accuracy. Since a satellite in synchronous orbit is . except for periods
of severe geomagnetic activity, within the trapping boundary, the radiation levels
resulting from the high energy particle fluxes limit the long term survivability of
the satellite.

2.4. Plasma Sheet (PS)

The plasma sheet comprises a high temperature plasma in the earth’s mag-
netotail. Except when forced inward from the magnetotail during injection event s,
it remains beyond synchronous orbit . The plasma sheet particles have temperatures
normally of several kiloelectron volts per particle, a value not high enough to con-
stitute a substantial threat from the standpoint of radiation damage. However, dur-
ing disturbed times these kiloelectron-volt plasma electrons are injected into the
synchronous orbit forming the ring current . This is accompanied by the inward
motion of the piasmapause such that no low energy plasma is present at the syn-
chronous orbit . Such a situation can result in charging of spacecraft surfaces to
potentials of several thousands volts.

3. SATELLITE POTENTIAL VARIATIONS — TIME INDEPENDENT

3.1 Theory

The potential on a satellite immersed in a plasma will vary such that the sum
of all currents to the ..atellite is 7ero. The primary contributors to this current
balance are the ambient plasma electrons and ions , secondary electrons released
from the surface by electron and ion impact, and photoelectrons released by solar

12. Hones, M. E. • Jr. ( 1972) Plasma sheet variation during substorms, Planet.
Space S d . ,  20(No. 9) :1409.

13
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illumination of the satellite surface. Following the development given by Rosen , 13

a simple model will be discussed that demonstrates how the surface potential varies
such that these currents balance to zero.

The neutral gas density at synchronous orbit is sufficiently small that collision-
al processes can be ignored. It will be assumed that the secondary electron cur-
rent is small compared with the ambient electron current 

~~~~ 
ion current (J 1).

and photoelectron current 
~~~~~ 

and thus can be ignored. At equilibrium , current
balance requires:

~~~~~~~~~~~~~~~~ 
( 1)

During solar illumination, the ambient electrons and photoelectron currents so
dominate the ion current that to first order:

(2 )

Sim ilar ly, in t he absence of illumination , t he photoelectron current is zero and the

cur rent balance is given approxim ate ly by:

(3)

The ambient electron flux will often dominate the ambient ion flux since , at
comparable temperatures, t he electrons will have a mu ch gr eater velocity tha n the

ions and, hence , a greater flux to the satellite surface. These conditions occur
when the satellite is immersed in the plasma sheet during geomagnetic storms . The
electron flux during such periods drives the spacecraft surface to a negative poten-
t ial in order to repel the higher velocity electrons and bring the current balance to
zero . The fraction of amb~~nt electron current repelled is:

~es = Jeo exp ( ~I /k T e)

where

satellite potential, 
- -

q = charge on electron,
kT e = electron energy (thermal) .

~es = electron current to spacecraft ,

~eo = electron current for 0 satellite potential.

13. Rosen , A. ( 1975) Spacecraft Charging: Environment Induced Anomalies,
Paper 75-9 1, AIAA 13th Aerospace Sciences Meeting, 1975.

14 
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Without illumination the current balance becomes:

~es = ‘ii ’

-
~~~ 

= J~0 exp(_ Iq~~ /kT~ ) . (6) 1
I

Assuming approxim ate equality of the ion and electron energies reduces the current
ratio to the particle mass ratio. Solving for the satellite potential:

= 

kT 
ln ~~~~~~ = -3. 7 _-~!~ . (7)

Thus , during eclipse, if the satellite is immersed in an energetic. kilovolt electron
plasma, as is often the case during magnetic storms, the satellite surface potential
will be driven thousands of volts negative.

During periods of illumination, the photoelectron and the ambient electron cur-

rents will so dominate the ion current that the current balance equation will effect-
ively reduct to:

~p h ’  (8)

~k’F 
In (~ !2~) , (9)

The average electron temperature will be dominated by the more numerous
photoelectrons. Since the photoelectrons characteristically have energies of a few
electron volts, no matter which electron current dominates , the satellite potential
will remain at a few volts negative or positive. It would only be under severely

disturbed conditions when 
~e~

> 
~ph that negative potentials of a hundred volts or

higher could be expected. Under normal conditions the photoelectron current
dominates and a slightly positive potential exists on the spacecraft .

Representative values of the currents and particle energies to be encountered
at synchronous orbit are given in Table 1. Although they are only approximate
(several effects, like secondary and backscattered electrons and the satellite sheath.
are ignored), one can utilize the two simple equations :

-kT

~ illumlnated ~~ In 
~~eo’~ ph~’ 

(10)

and

15
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-kT
• 

= —!. ln (J /J . )  ( 11)eclipse q eo t

and the data presented in Table I or in the following sections of this report , to
approximately compute satellite potentials . Keeping in mind the fact that the cur-
rents are related to the product of the density and velocity, the response of the
potential to various synchronous orbit conditions can be effectively analyzed through
studying variations in this product .

Table I. Representative Values of Currents and Particle Energies to be
Encountered at Synchronous Orbit

(50 eV < E  <80  key ) Maximum “Typical” Minimum

I. Electrons (Omnidirectional)
A. Number Density (particles /cm 3) 8 1 0. 01
B. Mean Energy (key ) 50 16 0. 1
C. Number Flux

(106 particles/cm2-sec-ster) 1500 150 2

D. Energy Flux (erg/cm2 -sec -ster) 16 1.5 0. 1
E. Current (nA/cm2)

Ambient: 4 0.2 0.02
**Photoelectron: 4 2 0. 8*
**Secondary +

Backscattered: 0.8 0. 2 0.016

II. Ions (Omnidirectional)
A. Number Density (particles 1cm3 ) 4 1 0. 03
B. Mean Energy (keV ) 60 12 0. 1
C. Number Flux

(10 6 part icles/cm 2 -sec—ster) 25 10 2

F D. Energy Flux (erg/cm 2 -sec-ster) 0.9 0.3 0. 05
E. Current (nA/cm 2 ) 0. 02 0.01 0. 005

*Eclipse = 0

**“Best estimate” as very material dependent

3.2 Spacecraft Potential Variationa When Illuminated

In the previous section, the role of the photoelectron flux in determining space-
craft potential was described. Ignoring for the moment the effects of differential
charging and satellite structure, satellite charging under the influence of photoelectron
fluxes can be divided Int o two cases. Either the photoelectron flux leaving the
spacecraft dominates, in which case a positive potential of a few volts is observed .

16
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or the ambient electron flux dominates , in wh ich  case a negat ive  potential is reached .
For the  l a t te r  ease , max imum potentials of ab out -200 V were  observed4 on ATS-~
whi le  for .-~ N-6 approxima tel y 10 percent at’ the observed (- h a r g i ng  c-vents  w e t-c

6 . .greater (h -an -200 \ . In one example  the potential  reached -2200 \ (In A TS- l~.
T h e  .- \TS-6 spectrogram of Fi gure 3 ( l)ay 81 , 1976)  and the  acconipany ing

dis t r ibut ion funct ion vs energy profi le  for 2101 UT in F igure  4 show a period in
wh ich  a ve ry  low in tens i ty  ambient  f lux and a photoelectron background  (the ec l i p se

20O~~~~ 2 3  ~~~~~ (~ $. .070 SIPE . 3 P9~. 2 ~~. 1.0 I’R(-310i 3603 CO4~ 20U5’*60’t ~~ 1 IJG. lb

100- - - -

.-90
- -

C 0
32 1 76

:aoco

030 -

S

E

~IlI
I

~~lIIT;
JRY 5: CF :976

Figure 3. A Spectrogram of Plasma (‘ ondi t ions Oh s er v e I h ~ - \ J ~~ -b ~~ )~~~ - 81 .
1P7 6 . Between 2100 and 2300 UT. (See Deforest  and ~\ 1 r I  ~~~ u n  11 fo r -~r - x n l : I n ~ —

t ion of the  spectrogram format . I Local n~i h n i~~ht occurs  I t ~ l 4 f ~ I T .  ~~t I  - -

I l r eu r s  between 2110 and 2220 11’ . The spa eerr ~ ft po ten t ia l  \ 11 1 1 5  r I l T t . s l t ~’ht
positive to — 1 0  V 
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FIgure 4. Distribution Functions for the Ions and Electrons
Observed by ATS-6 on Day 81, 197 6, at 2101 and 2215 UT

interval between 2010 UT and 2220 UT will be discussed later) were observed. The
fact that we see a photoelectron background at all is an indication that , barring
possible differential charging or sheath effects , the spacecraft has a slight positive
potential. The electron spectrum at 2101 UT has two parts - a weak, 5 key com-
ponent and a photoelectron component (although it is impossible to completely sepa-
rat e secondary and backscattered electrons from photoelectrons , study of the dis-
tribution function when the spacecraft is in eclipse at 2215 UT indicates that these
fluxes are only about 10 percent of the photoelectron flux) . The positive ion flux
consists of the high energy remnants of an injection event (that is , weak ring cur-
rent) . As a result, the photoelectron flux is a significant percentage of the total
flux to the spacecraft. Thus , the spacecraft becomes charged to a few volt s positive
since the flux of positive ions to and photoelectrons from the spacecraft is greater
than the incident electron flux.

18
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In con trast to the preceding event , the eve nt shown in the ATS-6 spectrogram
of Figure 5 and the distr ibution function vs energy spectra of Fi gure 6 ind ica te  large

negative p otential  var ia t ions  on the spacecraft . The data were taken dur ing  a very

active period (K ~ w~ls 6-~I and i l lustrate the e f fec ts  of an intense incident  f l u x  when

the satellite is i l l u m i n a t e d . The spectrum in Figure 6 at 0304 UT covers an active

period prior to the  charg ing  event . The electron tempera ture  is about 2 . 8 keV and

the density 0.81  c -n .  ‘~~~ (50 eV to (10 k e V ) .  Refe r r ing  to F’i gure 5, it would appear
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Figure 6. Distribution Functions for Electrons and Ions
Observed During the Period of Intense Geomagnetic
Activity Shown in Figure 5. The data are from 0304 UT
and 0419 UT on Day 178, 1974

from the magnetic and particle records that , at 0315 UT and 0400 UT. compres-
sions of the magnetosphere took place. This caused an intensification of the par-
ticle fluxes and an increase in temperature (that is. an injection event). The
spectrum at 0419 UT . Figure 6, indicates a temperature of 17.8 keV and densities
of 1. 10 cm 3, Thus , in the interval 0300 UT to 0419 UT , the balance between the
incident electrons and the positive ions , photoelectrons, secondaries, and back-
scattered electrons was significantly altered resulting in large potential variations.
The negative voltage reached only 1600 V and not a much higher value because of the
photoelectrons. During an eclipse, when the photoelectrons would not be present.

potentials as high as 18. 000 V would have been observed.
It should be noted that the potential varies greatly over the lifetime of the event.

changing by hundreds of volts on time scales of a minute or less. The ATS-6

instrument returns a complete spectrum only every 18 seconds. Between successive
spectra the potent ial is observed to change by several hundred volts, indicat ing that
the time scale for significant variations in the potential must be on the order of
seconds.

3.3 Spacecraft Potential When in Eclipse

As a satellite passes into eclipse, the flux of photoelectrons disappears. The
simple theory presented earlier predicts that , since a major source of negative

20
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charge leaving the spacecraft has been eliminated , the spacecraft can reach high
potentials representative of the ambient electron temperature. The final voltage
is. in actuality, a complex function of the flux of incident elect rons and ions as
well as the flux of backscattered and secondary electrons. In fact, one third of the
eclipses studied during the ATS-6, 197 6 spring eclipse season exhibited no notice-
able charging—the incident electron flux was too low in temperature and density to
significantly perturb the satellite potential. In this section we will present examples
first of a period in which no charging was observed , next a period of very weak
charging, and finally one example of intense charging.

The ATS-6 spectrogram. Figure 7 , is representative of a quiet period. The
spacecraft is in a region of an intense positive ion ring current. An eclipse takes
place at 2126 UT and lasts until 2217 UT. During the entire event there is no
noticeable change in the particle spectra outside of a loss of photoelectrons. This
figure should be compared with Figure 3. The major difference in these two period s
is the presence of a much more intense ion component in Figure 7. This compo-
nent, by itself, apparently keeps the spacecraft near 0 potential. In Figure 3.
however, the loss of photoelectrons on entry into eclipse is sufficient to allow the
ambient electron flux to dominate and charge the spacecraft slightly negative ( -b y) .
In Figure 4, spectra from before and after the eclipse are compared.

ATS-6 data , for an interval of pronounced charging during an eclipse, are given
in Figure 8. The distribution functions preceding and during the eclipse are given

in Figure 9. We have computed the distribution functions for the electrons and ions
to illustrate how the distribution function is not changed when the satellite is eclipsed
but rather raised by about 8000 eV in energy for positive ions and lowered by
8000 eV in energy for the electrons. This effect can most easily be explained by
assuming the spacecraft to be charged negatively by about 8000 V. By far the most
significant feature of this event is the intense incident electron flux which has a
temperature of about 8. 8 keV. This flux is the dominant factor in establishing the
potential of the spacecraft which is, as predicted by the simple theory, near the
temperature of the electrons. It is again important to note that this potential is by
no means constant over the course of the eclipse. For this case the potential varies
between approximately 6 kV and 15 kV during the eclipse with significant changes
taking place on time scales of a minute. Such rapid variations in potential place
great electrical stress on the surface materials of the satellite and are probably a
prime contributor to the operational difficulties encountered by satellites during
eclipses.
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• Figure 9. Distribution Functions for the Ions and
Electrons for 2123 UT (before eclipse1 and 2127 UT
(during eclipse) for Day 66 , 1976. The apparent
displacements between the two sets of distribution
functions are attributable to a change of approxi-
mately -8000 V in spacecraft potential upon entry
into eclipse

4. SATELLITE POTENTIAL VARIATIONS — TIME DEPENDENT

-1.1 Theory

The method of computer simulation of a plasma i s a new and powerful tech-
nique for understanding time variations in a plasma. By simulating a plasma with
thousands of computer particles which are moving in response to the forces in a
plasma, insight can be gained into plasma time variation problems which are not ,

in general. analyt i cabb y tractable.
The basic case of an idealized sphere has been si mulated by Rothwell et al.

Particular emphasis has been given to the problem of determining the t ime  constant
for a satellite to reach its steady-state floating potential for a given plasma tempera-
ture and densit y. Even fo r the low densities found at synchronous orbit , simulat ions

using every particle would require an excessive amount of computer time. It is
fortunat e, however , that through scaling, computer simulations which work with
higher density plasmas can be applied to plasma having a density of 1/c m3 and
electron temperatures of 5 key (values which are characteristic of geosynchronous
orbit).

In Langmuir theory, the floating potential of a spherical probe is independent of
density. The current is , however, directly proportional to density so that the rate
of charge buildup is directly proportional to the density. From this it is clear that
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the time scale for a satellite to accumulate charge should be inversely proportional
to density.

The computer simulation results in Figure 10 show the simulated t ime response
for plasma conditions corresponding to a density of 8 X 104 /cm 3; an electron
temperature of 5 keV and an electron to ion temperature ratio of 0. 5. Under these
conditions the satellite is able to reach c-quilibrium in about 6 )isec. In this figure
the data points represent the output of the simulation code, while the spread in data
points is representative of computer and plasma noise inherent in the simulation
technique. The final potential shows good agreement with the Langmuir theo ry
which predicted a potential of 12. 9 key .

n. 8  X I O 4 fC~~~ T, .5 keV T, IT~ • 0.5 r ,.tm
1 6 —

LAN OMUIR THEOR Y PREDICTS 2.9k V

14 -
Figure 10. Computer Sini~ulated

2 ~~~~ ~~~~ . 
Model of Potential Variations on

7;. a Spherical Spacecraft. The
0 J points represent the actual dat a

/ while the line is a smoothed fit.
8 ./ The fluctuations are due to plasma

/ osc illat ions and numerical
;~ 6 / oscillations inherent in the

: ( simulation technique

0 I _L I __________

0 2 4 6 8 10 12 14 6 lB 20

II x 0~~ ) ~.c

Scaling the results of Figure 10 by the ratio of the model density to a density
of 1/cm 3, which is more representative of geosynchronous orbit, gives a time con-
stant of 0. 4 sec. This then should be the characteristic time scale for satellite
charging and should be kept in mind in subsequent discussions. Unfo rtunately, the
maximum time resolution possible from ATS-5 and ATS-6 is roughly 0. 5 sec. In
the following sections, examples of potential variations on the order of hours (differ-
ential charging) . minutes (Alfven waves), and second s (ion cyclotron frequency ) will
be presented for comparison with theories such as the one just outlined.

4.2 Time Variations — Observations

In previous sections, general types of charging phenomena were discussed with
the purpose of demonstrating how different ambient plasma parameters altered the
potential of the spacecraft. In this section examples of the effect s of rapidly varying
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these parameters will be studied. Evidence for differential cha rging from both
ATS-5 and ATS-6 will be discussed. Examples of increases in the potential , as the
spacecraft pass into eclipse , will demonstrate the effect s of rapid changes in the
photoelectron current . Substorm injection events , when the particle population is
changing in minutes or less, will be presented to show how rapidly the satellite
potential can response to plasma variations. These examples will provide a qualita-
tive if not quantitative understanding of the time variations to be encountered by a
spacecraft.

4 .2.  1 DIFFERENTIAL CHARGING

Probably the major cause of difficulty due to charging of spacecraft is differ-
e” .ial charging—the charging of different portions of the spacecraft to different
potentials. Unfortunately, differential charging is a difficult phenomenon to study
wi th the data now available. At best we can present examples and show how they
affect spacecraft behaviors.

Figure i b i s  a spectrogram of dat a taken parallel to the spin axis on 30 Novem-
5 • • -ber 1969 for ATS -5. The feathered pattern in the ions is the result of a spin modu-

lation of the data. The cutoff in the low energy electrons , indicating a negative
potential (— 1000 V), point s to differential charging as the cause of this modulation.
This is supported by the fact that neither feature is observed in the sensors per-
pendicular to the spin axis. A possible source of this differential charg i ng may be
the buildup of charge (due perhaps to shadowing of the detector) in the vicinity of the
pa rallel detector (see DeForest 5 from which this example was taken) . The result-
ing electric field would then cause an ~~X’g force when coupled with satellite spin
and the local magnetic fields that could reproduce the feathered pattern.

Figure 12 , also from DeForest . ~ is an ATS-5 spectrogram of data taken parallel
to the spin axis on 16 October 1969. The apparent charging commencing at 0600 UT
is not observed on the perpendicular detector indicating a differential charging event.
The event decays within 20 minutes of the beginning of the eclipse at 0630 UT and
builds up again at the same rate following the eclipse giving some indication of the
time scales involved in charging different surfaces on the satellite. The variety of
materials and shadowing problems encountered on satellites casts doubt on the
usefulness of using this time constant but it does serve as an estimate of the mag-
nitude.

Figure 8 which was used as an example of eclipse charging, also exhibits cvi-
dence of differential charging on the ATS-6 satellite. In the period immediately
before and after the eclipse, there is approximately a 200 V negative potential on
the spacecraft. Note, however, that there are significant electron fluxes present
below this voltage. Whipple 8 has attempted to explain this effect in terms of a
sheath potential barrier around the spacecraft which would trap the electrons in
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Figure  11. Day 3~I4 , 1961 . Spectrografli  1- rom \T S-5 .  The fea thered  pa t te rn  in the
ions between 0700 and 1100 UT ant i  t he  corresponding  loss of low energy  of e lectrons
is real and the result of d i f fe ren t ia l  chz i r g ing~

the vicini ty  of the satellite.  h i s  calculat ions ind ica te ,  however , t hat such a b ar r ier
would not be adequate  to conta in  the observed f luxes,  lie suggests , the re fo re , tha t

differential  charging,  such as might  be produced by charge bu i ldup  on the  l a rge

antenna in front of the part icle detectors . may he the cause of these va r ia t i ons .

In concluding th is  br ief  descr ipt ion of d i f f e ren t i a l  charg ing ,  a f u r t he r  prob lem

remains  to he addressed.  I -or  a rotating or sp inn ing  sa te l l i te  the p roh iem of
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Fi gure  12. Day 289 , 1969 , Spectrogram I- rom -\TS- 5 Which  Exh ib i t s  the I 3ui ldup
(dur ing  an in i ec t ion  event) and Decay ( d u r i n g  eclipse) of D i f f e r e n t i a l  Charge  on
the Satellite

dif feren tial  charging is comp lica ted by the fact  tha t  the regions of the sa te l l ite  that
are i l luminated or shadowed wi l l  he va ry ing  as a funct ion  of t i m e  as the sa te l l i te
sp ins. For such a case , we expect d i f f e ren t i a l  charging phenomena to be t ak ing
place on the t ime  scale of the spin period or less. This phenomenon , w h i c h  has
not yet been observed , is d i f f e ren t  f rom that  in F igure  11 where  a static field near
the sensor is modula t ing  the data . h ere the potential on a p a r t i c u l a r  surface  ele-
ment  of the sa te l l i te  would vary as it a l ternately passes in and out of i l l u m i n a t i o n .
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4 , 2 .2  INJECTION EVENTS

In the study of geomagnetism much effort has gone int o the analysis of w hat are

called geomagnetic storms and substorms. Geomagnetic storms are known to last

many days while substorms occur on time scale of an hour or less. Bot h are close-

ly tied to the auroral displays that affect the polar regions. Perhaps the major

advance in understanding these storms in the last two decades has been the discovery

that the storm is actually composed of a series of substorms. Substorms are ob-
served as short duration magnetic variations (usuall y accompanied by large excur-

sions of t he horizontal amplitude of the magnetic field at the earth’s surface that last

from about 20 minutes to 2 hours) coupled wit h brightening of the aurora near mid-

night and westward traveling auroral surges .
There are good experimental dat a that associat e substorms with the injection

of plasma observed at the geosynchronous orbit. 14 It has long been believed that
movements of the plasma sheet earthward , accompanied by intensification of the
particle fluxes , are a major aspect of substorm morphology. Although som e recent
work 15 has te nded to play down a close, direct relationship between the movements
of the plasma sheet at synchronous orbit and specific substorm features (see , how-

ever , Eather et al), 16 th e idea of a plasma injection during substorms is still a
useful concept . In particular, the major link between satellite malfunctions and
spacecraft char ging is believed to have been observed during periods of substorm
activ ity ”3 associated with plasma injection at synchronous orbit.

Figure 13, from ATS-5, is an example of an injection event. Injections occurred

at approximately 2300 UT on Day 336, 0100 UT on Day 337, and 0715 on Day 337 of

1970. This is given by the time at which the satellite first encountered the highest
energy positive ions. The inner edge of a plasma cloud generated by the event was
encountered at 0500 UT on Day 337 of 1970 (the point where electrons and ions are
first simultaneously observed). The main part of the cloud is encountered near
local midnight (0730 UT). Note the particularly intense and rapid development be-
tween 0700 UT and 0720. It is this increase in the electron flux and temperature
associated with the plasma injection that leads to large spacecraft potentials.

Fig ure 14, from ATS-6. is an enlargement in time of the region near midnight .
In this event, the satellite was initially immersed in relatively low energy, plasma-
sphere plasma. The satellite passes into eclipse at 2120 UT , but no charging is
observed until 2135 when the satellit e encounters a plasma cloud characteristic of

14. I ) I - For -s t . S. \N. . and Mcflwain , C. B. ( 1971) Plasma clouds in thc magnt1o-
spher . - . J. Gi-op hys. Rcs. - 76(No . 16) :3587-36 11.

15. Akasofu , S-I , DeForest, S.E . , and Mcllwain , C.E. ( 1974) A uroral displays
near the ‘foot ’ of the field lines of the ATS-5 satellite, Pla net. Space Sci.,
22 :25-40 .

16. Bather , B. H.,  lIende , S. B.,  and Judge. R. S. ( 1976 )  Plasma injection at
synchronous orbit and spatial and temporal auroral morphology. 1~ Geophys.
Res. , 8l(No. 161:2806.
—
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I- igure  13. -\TS-5 Spect rogram for I ) - v 337 , 1070 , of an I so la t ed . P r e - m i d nig ht
Substorm

an in jec t ion  event (hi gh densi ty ,  hi gh t em p e r a t u r e) . The sa t e l l i t e  potential , as

reflected by the ions , responds rapidl y. The rate of voltage change  du r ing  this

event is about 1000 V mni in  (going from 0 to 5000 V in 5 m i n I . \ I t h o u u h  probabl y an

underestimate of the maxini u rn response t i m e  to an i n j er t i o n  du r ing  an eclipse,
this y ields an order of magni tude est imate of the  sa te l l i te  response t o  i n j e c t i o n

events.
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4 . 2.3 :( I .h l ’S I - :  \ \ R I A T P  IN S

In the preceding examp le it wa s  shown how a spacecra f t  hec n te  ch rL ’ed d u r i n g
an  eclipse when it encountered  a plasma cloud . This  can he compared  w i t h  t he  re-
lated cas e  of passing into eclipse while  immersed  in a p l a s ma  cloud . I or t h e  l a t t e r

case, it is possible to s tudy in de ta i l  the  passage in to  e c l ip se  e o n r e n t r - t~ng on th e
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t i g i t r e  ia . - \ - rS—h -~p i - i - t r ap r ~~n~ for  I ) a v  2° . 197th  Th i s  is the  f i r s t  a l - s er v e d
eclip se for the l ° 7 6  sp r i n g  eclipse sy stem . It is near the m i n i m u m  per iod
possible for  an observable total ecl ipse and , I5 a result , the s a t e l l i t e  spends
m a x i m a l  t ime  in par t ia l  eclipse (8 m m total)

IT . Garrett , 11. 13. ( 1 9 7 7 )  Ana ly s i s  of penumbra l  data  from -\TS-6 , Pro c. of the
Space ( ‘har g ing  Conference.  -\ I - G I . - T 1 1- 7 7 - 0 0 5 l / N A S \  T l I X - 7 35 37 .
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before, during, and after eclipse. For reference, Figure 16 is a plot of the 1976
ATS-6 spring eclipse season during which that eclipse occurs. Where possible the
duration of the eclipses (both penumbral and umbral) have been estimated and corn-

— pared with a simple model which gives the time of entry into partial and total eclipse
as a function of the day of the year. The duration of partial eclipse for the 1976
spring season ranges from about 1 mis to as long as 5 mis (Figure 15) for grazing
Incidence,

100 - -

L
• ATS 6 DATA

~ 60 - 0 FIRST ENCOUNTER
• SECOND ENCOUNTER S

~~ 7o- -
0.

6 0-  , -

— I I II I I I
0 10 20 ~O 40 50 60 70

TIME (MINI

Figure 16. ATS-6 1976 Spring Eclipse Season Data
Were Studied and the Time the Satellite Spent in Total
and Partial Eclipse Estimated. A simple theory which
predicts eclipse times (squares for total eclipse; open
circles for partial eclipse) for the eclipse season is
compared with the data

The satellite potentials for entry and exit for two days (see Figure 8 and Fig-
ure 15) are plotted in Figure 17 (the exit data have been folded over on the entry
data) . A model including atmospheric effects 17 has been derived that gives the
solar illumination vs time as the satellite passes into eclipse. Study of data f rom
the Injun V satellit e confirmed that the solar illumination is directly related to the
photoelectron flux . 17 It is possible to combine the observations in Figure 17 with
the theoretical predictions of the solar illumination/photoelect ron flux . This has
been done in Figure 18 which shows the potential vs solar illumination/photoelectron
flux. The fact that the two curves are in reasonable agreement for two different
days (Day 66 is an example of direct incidence whereas Day 59 is an example of
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grazing incidence) which have different penumbral eclipse durations— 1 minute for
Day 66 and 4 minutes for Day 59—indicates that the response time of the spacecraft
to photoelectron variations is much less than 1 mm (that is, the variation on Day 66
was approximately 5000 V in 1 mm ).

T i l  1 T 0 1 J  i - h I‘°~FI Figure 17. The Potential Variations for
~ 66 —DAY 59 - Day 59 and Day 66 of the 1976 Eclipse
I Season vs Time Are Plotted. The data

3 I for exit from eclipse have been folded
1~~ 

~ 
over to fit the entry data

- —ENTRY H

~ 

—-EXIT

I 1
V. 1”v

I I 1_j_ i_ I I I

0 5 0 15
TIME (MINI

T~~~~~~~~~~~ Av e:
1
~~~~~~~~~~~~~~~~~~~~~~~~~~~

h,

io° 10 2 io3

SATELLITE POTENTIAL CV)

Figure lB . The Percentage of Solar Illumination Falling
on ATS-6 Compared With the Potential as the Satellite is
Eclipsed. Similarity of the two curves, which correspond
to different eclipse conditions , implies that the satellite
response is simultaneous over the time ranges considered.
The dashed lines represent the region over which the
potential values are observed while the error bars corres-
pond to different atmospheric models
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4.2. 4 RAPID TIME VARIATIONS

In the foregoing sections we have seen how the satellite potential can vary
significantly on time scales of a minute or less as plasma injection events or
eclipses alter the particle population. There are several sources of coherent
oscillations in the spacecraft potential on the order of minutes and setond s that also
deserve consideration. In fact , such oscillations are seen down to the limit of
the ATS-5 and ATS-6 instrumentation (0 . 32 and 0. 25 sec. respectively). The ob-
servation of such a continuum in charging variations out to the highest time resolu-
tion now available indicates that rapid variations in satellite potential might be a
relatively common occurrence.

On at least three occasions (DeForest, private communication) Alfven waves
have been observed by ATS-6. Only one, on Day 178 of 1974 , will be described
here. On that day, coherent oscillations were found in the magnetic field, electron
density, and ion density. The ion oscillations were quite pronounced below about
10 keV and had a period of about 2 m m .  These oscillations were clearly observed
for over 2 hours.

Associated with the ion oscillations were potential oscillations on the spacecraft.
These oscillations were in phase with the density oscillations—peak values occurring
at the same time as peaks in the ion density. A particularly pronounced example of
this effect is shown in Figure 19 where the voltage vs time is plotted for a 10-mis
segment of data. The maximum amplitude is about 18 V (note the -25V background
potential) .

W (0 - -

c I I I I I I I I
1317 (320 323 (326

DAY (78 OF 1974

Figure 19. A Plasma Wave, on Day 178, 1974 . Was Observed
by ATS-6 , That Resulted in Satellite Potential Variations. The
satellite potential between 1317 and 1326 UT is plotted, demon-
strating the oscillations (± 9 V) and the dc offset (-25 V)
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An even more spectacular event occurred on Day 282 of 1975 at 0037 UT. 18

On this day a particularly fortuitous event occurred . The instrument was dwelling
at one energy, 1000 eV , for 16 sec. The satellite was charged to a potential of
roughly -1000 V which , by careful examination of spectra immediately before and
after the event, oscillated with an amplitude of a few hundred volts. This oscilla-
tion modulated the ion count rate as the peak associated with the thermal ion back-
ground plasma shifted in and out of the 1000-eV channel (note: the modulation may
be explained by a plasma wave rather than charging) . Figure 20 illustrates this
behavior. The envelope in this figure is clearly modulated. Ignoring aliasing ,
estimates of the best frequency give a frequency of 1.4 Hz (the Nyqui st frequ ency
for ATS-6 is 2 Hz) for the oscillations. For a 100 

~‘ 
magnetic field the ion cyclo-

tron frequency is approximately 1. 59 Hz for protons. Thus, the wave could be ten-
tatively identified as a cyclotron wave for H+ or some heavier ion (aliasing would
mean the wave could have an even higher frequency 1.

300C I I

ATS -6

~~ 2000 —

0037 UT/DAY 288 OF 1975

Figure 20. High Frequency Waves Were Observed in the ATS-6
Ion Data at 0037 UT on Day 288 , 1975 , While the Instrument Was
Dwelling at 1000 eV. The sampling period of the satellite was
0. 25 sec indicating a frequency of 1.4 Hz for the data. One pos-
sible explanation is a potential variation of a few hundred volts at
that frequency, which shifts the counting rate peak in and out of
the 1000 eV channel

18. DeForest, S. E . ,  and Mauk , R. H. (1976) Modulation of spacecraft potential
at the ion cyclotron frequency, EOS, Trans. Amer. Geophys. Union ,
57(No . 12).
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: 4. 2. 5 F U T U R E  POTENTIAL ~dEA~ U REM ENT S

It has been demonstrated that significant variations in the spacecraft potential
take place on t ime scal es of seconds and t hat su ch var ia t ions pose a serious th reat
to the proper functioning of the satellite. In order to design future spacecraft to
resist the stresses due to spacecraft charging, a greater understanding of rapid
potential variations is necessary. To this end the Ai r  Force has designed and will
fly aboard the SCATHA (Satellite Charging at High Alt i tudes )  satellite a Rapid Scan
Particle Spectrometer which will allow the analysis of variations in the potential oc-
curing on time scales as short as a second or less.

The Rap id Scan Particle Spectrometer consists of two identical sets of detectors;
one set arranged parallel to the spin axis of the satellite and the other arranged per-
pendicular to the spin axis. Both sets of det ectors consist of four instruments: a
low energy electrostatic analyzer to measure electron and ion fluxes in the energy
range from 50 eV to 1. 7 keV ; a high energy electrostatic analyzer  to measure  ion
and electron fluxes in the energy range from 1. 7 key to 60 key , a solid state de-
tector to measure the ion flux from 70 keV to 35 MeV . and a solid state detector to
measure the electron flux from 30 keV to 1 MeV . In Table 2 we have listed the
energy channels for the detectors. The most important feature of this det ector is
that it will provide a measurement of the ion and electron spectra once each second.
Such a high t ime resolution will permit detailed stud y of the rapid potential varia-
tions. In addition, since the SCATHA satellite will be spinning, the rapid scan
capability will allow one to study differential charging as a function of the satellite
period.

As an added capability t he R apid Scan Spectrometer can be set to read out any
single channel of the detector every 230 Msec. The dwell t ime in a channel can be
set as desired above a minimum dwell time of 200 msec. In the min imum dwell
time mode a spectrum over the channels of the electrostatic anal yz er can be re-
turned every 8 sec. Such high time resolution should provide valuable information
on the potential variations discussed in this paper.
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Table 2. Energy Channels for AFGL Rapid Scan Particle
Spectrometer

Low Energy Electrostatic Analyzer (electrons & protons)

Channel Energy range

0 background
1 0. 05 to 0. 12 keV
2 0. l2 t o O. 3O keV
3 0. 3O to O . 7 Ok e V
4 0.70 to 1.70 keV

High Energy Electrostatic Analyzer (electrons & protons)

Channel

o background
1 1. 7 Ot o  4 .2 O keV
2 4. 20 to 10. 20 keV
3 10. 20 to 25. 0 keV
4 25. 0 to 6O keV

Solid State Spectrometer (elect rons)

0 3O to 4 5 k eV

1 45 th 7 O k eV
2 7O to l2O keV
3 l2O to l’- O k eV
4 l7O to 243 keV

5 243 to 275 keV

6 275 to 560 keV

7 560 to 10, 000 keV

Solid State Spectrometer (protons)

0 7O to lOO keV

1 lO O to l65 keV
2 165 to 290 keV
3 290 to 45O keV
4 450to 725 keV
5 725 to l000 keV
6 l000 to 2400 keV t

7 2400to 6000 keV

8 6000 to 15. 000 keV

9 15, 000 to 35, 000 key
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5. CONCLUSIONS

We have reviewed the ATS-5 and ATS-6 dat a currently available on spacecraft
charging. Particular attention has been placed on the time scale of potential varia-
tions. Table 3 summarizes the observed time scales of the various phenomena.
This table is based on results reported to dat e and , as such , is heavily bia sed

towards readily observable, readily interpretable phenomena. It demonstrates,
however, the wealth and diversity of spacecraft potential variations already ob-
served.

Table 3. Observed Time Scales

* Voltage Amplitude
Event Time Scale (Maximum)

Differential Charging 20 mm ± 1 V to ± 1 kV
Injection Event (No eclipse) ‘S mm ~ -2 kV
Injection Event (Eclipse) ‘5 mm -20 kV
Eclipse Charging (Penumbral) 1 to 10 mm 0 to -20 kV
Alfv~n Waves ‘-2 mm ± 10 V
High Frequency Waves (Cyclot ron)”’ ‘-1 sec ± 100 V

*Note: All values are currently observed upper limits for voltage and lower limits
for time.

**May not be a charging event.

Time variations, both coherent and impulsive, in spacecraft potential pose a
threat to existing spacecraft systems. These variations, as described, cover a
wide range of amplitudes and time scales. It is not difficult to extrapolate the ob-
servations of this report and conclude that the time scale of potential variations is
a critical component of the spacecraft charging threat . Unfo rtunately, as Table 3
indicates, there are still rather major gaps in the study of this particular aspect of
the charging problem. This is particularly true as we approach short time scales.
It is not that rapid time variations have not been observed, but that the observations
thus far have been a function of fortuitous instrumental effects. It is to this problem
that this paper has been addressed. Plans at AFGL currently call for a high time
resolution ion/electron spectrometer to be flown on the SCATHA satellite in early
1979. It is hoped that this instrument will provide significant improvements in our
understanding of rapid time variations in spacecraft potential.
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